Abstract. Slightly soluble atmospherically relevant organic compounds may influence particle CCN activity and therefore cloud formation. Adipic acid is a frequently employed surrogate for such slightly soluble organic materials. The 11 published experimental studies on the CCN activity of adipic acid particles are not consistent with each other nor do they, in most cases, agree with the Köhler theory. The CCN activity of adipic acid aerosol particles was studied over a significantly wider range of conditions than in any previous single study. The work spans the conditions of the previous studies and also provides alternate methods for producing "wet" (deliquesced solution droplets) and dry adipic acid particles without the need to produce them by atomization of aqueous solutions. The experiments suggest that the scatter in the previously published CCN measurements is most likely due to the difficulty of producing uncontaminated adipic acid particles by atomization of solutions and possibly also due to uncertainties in the calibration of the instruments. The CCN activation of the small (d m <150 nm) initially dry particles is subject to a deliquescence barrier, while for the larger particles the activation follows the Köhler curve. Wet adipic acid particles follow the Köhler curve over the full range of particle diameters studied. In addition, the effect of adipic acid coatings on the CCN activity of both soluble and insoluble particles has also been studied. When a watersoluble core is coated by adipic acid, the CCN-hindering effect of particle phase is eliminated. An adipic acid coating on hydrophobic soot yields a CCN active particle. If the soot particle is relatively small (d core ≤102 nm), the CCN activity of the coated particles approaches the deliquescence line of adipic acid, suggesting that the total size of the particle determines CCN activation and the soot core acts as a scaffold.
Introduction
As has been discussed in several publications, the effect on climate of aerosol radiative forcing may be as large as that of the greenhouse gases, but opposite in sign and much more uncertain (See for example, Kaufman and Koren, 2006; Schwartz et al., 2007; IPCC, 2007) . The high uncertainties are due to the currently inadequate representation of the complex interactions of aerosols with climate due to their intrinsically complex composition, morphology, and size distributions.
Atmospheric aerosol particles influence global climate by direct and indirect processes (Lohmann and Feichter, 2005) . The direct process of aerosol climate-forcing involves the absorption, reflection, and scattering of incoming solar radiation by atmospheric aerosols. The indirect process involves atmospheric particles serving as cloud condensation nuclei (CCN) on which water vapor condenses to form cloud droplets. CCN activity depends on the shape, size, structure, and composition of the aerosol particles (McFiggans et al., 2005; Dusek et al., 2006 ). An aspect of CCN activity is the subject of this work.
Slightly soluble organics, such as adipic acid, succinic acid, and stearic acid, are atmospherically relevant compounds that may significantly influence CCN activity and thus influence the indirect effect via cloud formation. Consequently, the CCN behavior of dicarboxylic acids has been studied extensively and has been found to vary widely (Cruz and Pandis, 1997; Corrigan and Novakov, 1999; Prenni et al., 2001; Giebl et al., 2002; Raymond and Pandis, 2002; Kumar et al., 2003; Bilde and Svenningsson, 2004; Broekhuizen et al., 2004; Huff Hartz et al., 2006; Rissman et al., 2007) . For example, the CCN activity of oxalacetic acid is high, comparable to that of ammonium sulfate. On the other hand, suberic acid is CCN inactive. While the CCN behavior of some dicarboxylic acids such as succinic acid has been successfully predicted from Köhler theory modified to include solubility 3736 S. S. Hings et al.: CCN activation of adipic acid and surface tension effects, published experimental studies on the CCN activity of slightly soluble adipic acid particles are in most cases not consistent with the Köhler theory and vary widely from one study to another. Adipic acid has a water solubility of 25 g/L (Saxena and Hildemann, 1996) .
It has been suggested and experimentally verified for several compounds (for example succinic acid and adipic acid) that particle phase plays an important role in the activation of particles consisting of slightly soluble organic compounds (Hori et al., 2003; Bilde and Svenningsson, 2004; Broekhuizen et al., 2004) . Bilde and Svenningsson (2004) have also shown that small amounts of inorganic salts may have a significant effect on the percent critical supersaturation (S c ) of slightly soluble organic compounds. Figure 1 shows published adipic acid critical supersaturation data as a function of particle diameter from 11 studies. In all these experiments, particles were formed by atomizing aqueous solutions of adipic acid. Particles were subsequently dried to relative humidities between 5 and 20%. In one case only, particles were kept wet as supersaturated (i.e., deliquesced) solution droplets (designated in the figure as "wet"). In one set of experiments, Rissman et al. (2007) heated the adipic acid particles prior to drying them.
Previously published S c data for adipic acid
The solid lines are obtained from standard Köhler theory calculations described in Sect. 2. The orange line is the calculation for adipic acid using a concentration dependent surface tension. The red line is the calculation for ammonium sulfate particles and the solid black line is the Köhler curve for pure water that is a stand-in for a wettable but insoluble substance (Petters and Kreidenweis, 2007) . The broken lines in the figure provide visual continuity for the experimental points.
As is evident from Fig. 1 , the published data for adipic acid exhibit significant scatter. For example, at 1% supersaturation, measured critical diameters for adipic acid particles vary from 50 nm to 180 nm. The measurements of Bilde and Svenningsson (2004) for wet particles fall close to the standard Köhler theory line for adipic acid. The measurements of Rissman et al. (2007) for the largest sized particles approach the predictions of the Köhler theory. All other data show higher critical supersaturations than predicted by the Köhler theory. The large variations in measured supersaturation are likely caused by particle phase differences (Bilde and Svenningsson, 2004) , differences in particle preparation (Rissman et al., 2007) , as will be discussed, and also possibly due to methods of CCN measurement (see Appendix).
The purpose of the present work, studying the CCN activity of adipic acid, is twofold. First, we want to understand the factors governing the CCN activity of slightly soluble organic compounds and, in the process, we want to explain the wide variations in the published critical supersaturation measurements for adipic acid. Toward these ends, we studied the CCN activity of adipic acid aerosol over a significantly wider range of conditions (particle diameter, particle phase, and particle coatings) than has been previously encompassed in any single study. Our work spans the conditions of the previous studies and also provides alternate methods for producing "wet" and dry adipic acid particles without the need to produce them by atomization of aqueous solutions.
After a very short residence time in the atmosphere most aerosol particles acquire a coating of one type or another. The second purpose of our work is to understand the effect of adipic acid coatings on both soluble and insoluble cores with respect to cloud droplet activation.
Theory

Derivation of critical supersaturation
Cloud droplets are formed when water aggregates on the surface of a pre-existing particle and causes unrestrained condensational growth. This condensational growth is controlled by the vapor pressure over a particle and is a function of both the curvature and the composition of the particle. Standard Köhler theory describes this condensational growth and provides an expression for equilibrium water vapor pressure over an aqueous solution droplet yielding an expression for the supersaturation ratio S w (Pruppacher and Klett, 1997) :
Here, p is the vapor pressure of water over the solution droplet, p 0 is the equilibrium vapor pressure over a flat surface, γ w is the activity of water, x w is the mole fraction of water in the aqueous solution, M w is the molar mass of water, σ is the surface tension of the solution droplet, R is the universal gas constant, T is the temperature, ρ w is the density of water, and d p is the diameter of the droplet at water vapor pressure p. This diameter will be designated as the solution droplet diameter. The product γ w x w represents the Raoult (or solution) effect, which increases with increasing wet diameter d p . The exponential term represents the Kelvin (or curvature) effect, which decreases with increasing wet diameter. These two competing effects result in a maximum with respect to d p for Eq. (1) (See Fig. 2) .
The term commonly used to describe particle growth by vapor condensation is supersaturation (S, in percent) defined as:
Figure 2 displays S as a function of the solution droplet diameter d p . The maximum of this curve is known as the critical supersaturation (S c ). An aerosol particle is CCN active (i.e., grows into a cloud droplet) if the ambient supersaturation exceeds this maximum. Standard Köhler theory describes the activation of single-component aqueous solution droplets and is used here to model ammonium sulfate and completely dissolved adipic acid.
Surface tension in calculating critical supersaturation
As is evident from Eqs.
(1) and (2), surface tension is a key parameter for calculating the supersaturation (S w ) and therefore the critical supersaturation (S c ). It has been shown that dissolved surface active slightly soluble organic compounds can lower the surface tension of aqueous solutions, depending on concentration, by as much as one third (Shulman et al., 1996 and Facchini et al., 2000) . A decrease in σ lowers the critical supersaturation as predicted by Köhler theory. The surface tension of an adipic acid solution can be calculated from the Szyszkowski-Langmuir equation as has been done by Henning et al. (2005) :
Here, C is the concentration of dissolved carbon (moles of carbon per kg of water) and σ w (T ) is the surface tension of water at temperature T . The parameters a and b are obtained by fitting the experimental results to Eq. (3). For pure adipic acid, Henning et al. (2005) obtained a=0.0106 and b=11.836.
Results of critical supersaturation calculations
Using Eqs. (1) and (2), critical supersaturations S c were calculated as a function of initially dry particle diameter for three substances: Ammonium sulfate, adipic acid, and an insoluble but wettable substance. Results are shown in Fig. 3 . Ammonium sulfate is modeled using the surface tension of water (0.072 J/m 2 ). Adipic acid is modeled with both the concentration-dependent surface tension defined by the Szyszkowski-Langmuir equation (Eq. 3; ranging from 0.060-0.072 J/m 2 for 30-300 nm adipic acid particles) and the surface tension of water (0.072 J/m 2 ). The black line in Fig. 4 is the critical supersaturation for a pure water droplet. This line effectively models the growth of an insoluble but wettable spherical surface and is hereafter referred to as the "wettable line". In the present work, the activation of ammonium sulfate particles coated by initially dry adipic acid is also studied. In such a case, the possibility exists that the droplet contains an undissolved adipic acid core surrounded by a solution of water, adipic acid, and ammonium sulfate. The presence of the ammonium sulfate allows condensational growth of the particle by addition of water without causing the complete deliquescence of the adipic acid. The presence of such a slightly soluble core that gradually dissolves as the droplet grows modifies the overall shape of the Köhler growth curve. Shulman et al. (1996) modified the standard Köhler theory to describe the effect of such a mixed composition on the activation of an aerosol particle into a cloud droplet. Our modeling calculations show that under our experimental conditions, the predictions of the standard and modified Köhler theories are the same.
2.4 Justification of solvent-free method for generating adipic acid
As has been stated, in all previous studies of adipic acid particle CCN activation, the adipic acid particles were generated by atomization of an aqueous solution (or methanol solvent Rissman et al., 2007) . The process of atomization of a solution may introduce impurities that may be responsible for the variations in the CCN activity measured in the various studies. We decided to generate "wet" (deliquesced solution droplets) adipic acid without atomization. This section provides a theoretical justification for generating "wet" adipic acid particles by coating an ammonium sulfate core with adipic acid via vapor deposition. See Sect. 3.3 for the method of generating such particles. In order to theoretically justify the solvent-free method for the generation of adipic acid particles, the CCN activity of ammonium sulfate particles was modeled as a function of sulfate core size and adipic acid coating thickness (0-150 nm). The calculated critical supersaturation of the dual-component aerosol (S c,dual ) was compared to the predicted critical supersaturation for a single-component pure adipic acid particle (S c,pure ) of the same diameter. The S c,dual values were calculated using modified Köhler theory with a concentration-dependent surface tension (Shulman et al. 1998 reported that the addition of (NH 4 ) 2 SO 4 to adipic acid did not significantly alter the observed surface tension). The S c,pure values were calculated using standard Köhler theory with a concentration-dependent surface tension. As the mass fraction of adipic acid increases, the relative error in using S c,dual to approximate S c,pure decreases (See Fig. 10 , where the modeled ammonium sulfate-adipic acid lines are shown to approach the Köhler theory for pure adipic acid). The calculations show that above 0.85 mass fraction of adipic acid, the difference between the Köhler theory line for pure adipic acid and the Köhler sulfate-adipic is less than 10%, for the range of ammonium sulfate core sizes studied in our experiments. This suggests that coating a small (NH 4 ) 2 SO 4 core with a mass fraction of >85% adipic acid via vapor deposition is a good approximation to experimentally obtain wet adipic acid points, as long as the mass fraction of the adipic acid is kept above 0.85.
2.5 Role of particle phase in activation of singlecomponent aerosols Bilde and Svenningsson 2004) studied the role of phase in the CCN activation of adipic acid particles and found that deliquesced ("wet") adipic acid droplets activate at lower S c than initially dry adipic acid particles. Kreidenweis et al. (2006) suggested that below a certain particle diameter, deliquescence of initially dry organic compounds of low water-solubility occurs at higher water vapor pressure than the critical supersaturation for CCN activation. In such a case, there is an activation barrier to the onset of cloud droplet growth governed by the deliquescence of the organic species (Hori et al., 2003; Broekhuizen et al., 2004) . Therefore, two CCN activation regimes are identified for particles composed of slightly soluble organic compounds. For larger particles, CCN activation is governed by the Köhler theory. For relatively smaller particles, the CCN activation is governed by the deliquescence transition. The deliquescence pressure ratio, given by (Pruppacher and Klett, 1997) , is
Here, σ sat is the surface tension of the saturated droplet, and d d the dry particle diameter. We note that the surface tension used in Eq. (4) is that of a saturated solution whereas in Eq.
(1), the solution need not be saturated.
The % deliquescence supersaturation S del is obtained in a way analogous to Eq. (2). For smaller particles and certain single-component, low water-soluble organic aerosols (including adipic acid) the parameterS del can be larger than the predicted critical supersaturation calculated via Eqs. (1) and (2). When S del >S c,calculated , cloud-droplet activation is controlled by the deliquescence of the particles and activation occurs when the water vapor pressure is high enough to cause particle deliquescence, that is, CCN activation occurs at S del . However, when the condition is reached such that S del <S c,calculated , cloud-droplet activation occurs at S c,calculated . In short, a single-component adipic acid aerosol will only activate as a CCN after the particle has deliquesced. The water vapor pressure at which a particle deliquesces (at the calculated S del value) is also known as its deliquescence relative humidity (DRH). It must be noted that CCN activation can only occur at the S del when the particle is initially dry and when S del >S c,calculated . Initially wet particles have already deliquesced and therefore will activate at the S c value predicted by Köhler theory. Figure 4 shows deliquescent supersaturations S del as a function of dry particle diameter calculated from Eq. (4) using water activities of γ w =0.990 and γ w =0.997. As is evident from the figure, the deliquescent curves are strongly dependent on γ w . For example, at S del =0.3%, a particle with a water activity of 0.990 will deliquesce at 165 nm whereas a particle with a water activity of 0.997 will deliquesce at diameter 298 nm.
Reliable activity data for adipic acid are not available and therefore activity must be calculated based on solubility and molecular weight. Using a bulk solubility of 25 g/L, Kreidenweis et al. (2006) calculated the activity coefficient of adipic acid to be 0.997. The quoted solubility is accurate to only two figures. Therefore, the activity coefficient is not likely to be more accurate. In Fig. 4 we show calculated deliquescence curves for activity coefficients of 0.990 (gray) and 0.997 (green). The indicated borders for each γ w are calculations with the two limits of surface tension quoted in the text (σ between 0.060 and 0.072 J/m 2 ). As is shown in Fig. 7 , γ w =0.990 provides a better fit to our experimental results.
2.6 Determination of the particle shape factor Particle shape can greatly influence the CCN activity of atmospheric aerosols. Because the methods of aerosol generation used in this and other studies may produce particles that are not spherical, the shape factor needs to be considered in CCN activity measurements. Observation of the shape of nano-sized aerosol particles is usually performed with electron microscopy. Such observations are complicated because it is difficult to collect the particles without altering their shape. Several attempts were made to observe the particles used in this study with a scanning electron microscope. However, no consistent or reliable data were obtained. Therefore, tandem DMA-AMS measurements were used to measure the dynamic shape factor. This method involves selecting particles by mobility and then sizing them aerodynamically in order to obtain information about particle shape. This procedure is described in detail in DeCarlo et al. (2004) and Slowik et al. (2004) .
The general expression for relating d va (vacuum aerodynamic diameter) and d m (mobility diameter) measurements is:
Here, χ v and χ t are the dynamic shape factors in the free molecular and the transition regimes, ρ 0 is unit density, ρ p is the particle density, and C c (d) is the Cunningham slip correction factor. If one assumes that χ t =χ v then for a known particle density ρ p (which is equal to ρ m for particles without internal voids), the dynamic shape factor χ of the particles can be estimated . The dynamic shape factor χ is equal to unity for spherical particles without internal voids and larger than unity for nonspherical particles. Results of these shape factor determinations are discussed in Sect. 4.2.2.
Experimental
Apparatus
A schematic diagram of the experimental apparatus is shown in Fig. 5 . The main components of the set-up are: A particle generation system, a particle coating system, two differential mobility analyzers (DMA I, TSI Model 3071A, and DMA II, TSI Model 3080), a condensation particle counter (CPC, 
Cloud Condensation Nuclei Counter
The DMT (Droplet Measurement Technologies) Cloud Condensation Nuclei Counter (CCNC) used in this study is operated in a continuous flow mode. That is, the instrument provides fast sampling by continually monitoring the CCN activity of the particles passing through it. The instrument is capable of generating nearly constant values of supersaturation between 0.07% and 3.7%. The stated accuracy of these supersaturation values is ±2%. Supersaturation is easily controlled and maintained, making it possible to scan the full range of supersaturations for a given particle size.
The aerosol flow introduced into the CCNC instrument is split into an aerosol and a sheath flow. The sheath flow is filtered, humidified and heated. This sheath flow constrains the main aerosol flow to the centerline of the cylindrical CCNC column. The inner wall of the CCNC column is continually wetted and a positive temperature gradient dT is applied to the CCNC column in the direction of the flow. Water vapor supersaturation is therefore generated along the centerline of the CCNC column (due to the difference in diffusion rates between water and heat). Particles begin to grow at the point when the supersaturation inside the instrument is equal to S c . Droplets that grow to diameters larger than 1 µm are detected by an optical particle counter (OPC) at the exit of the column and are defined as CCN active particles.
The supersaturation in the CCNC column is primarily a function of the temperature difference (dT) between the top (upstream) and the bottom (downstream) of the CCNC column. It also depends on the flow and the pressure inside the instrument. The relationship between supersaturation (S) and the measured temperature difference (dT) inside the CCN column is determined by calibration with ammonium sulfate particles at a specific flow and pressure. To obtain reliable experimental results, the CCNC apparatus has to be carefully calibrated in each specific application.
For a detailed description of the CCNC and its calibration, refer to Roberts and Nenes (2005) , Lance et al. (2006) , and Rose et al. (2007) . Specific details relevant to our calibration measurements are presented in the Appendix.
Experimental procedures
As was stated, the previous 11 published studies of adipic acid generated the adipic acid particles by atomization of aqueous solutions. In order to explore the full range of experimental conditions, we generated particles both by atomization and by condensation of adipic acid vapor. The following measurements were performed to study the CCN activity of adipic acid. (1) CCN activity of dry adipic acid particles generated by atomization. (2) CCN activity of dry adipic acid generated by homogeneous nucleation (condensation of adipic acid vapor). (3) CCN activity of wet adipic acid particles generated by atomization. (4) CCN activity of wet adipic acid particles generated by vapor deposition of a mass fraction of >85% adipic acid on small ammonium sulfate cores. (This method of generating wet adipic acid is discussed in detail.) (5) CCN activity of adipic acid coated on ammonium sulfate particles as a function of coating thickness. (6) CCN activity of adipic acid coated on soot particles as a function of coating thickness.
Particle generation
The methods of generating particles for the 6 studies listed in Sect. 3.2 are described below. If particles are to be dried, they are passed through diffusion driers as shown in Fig. 5 . The particles are size-selected by DMA I and, if they are to be coated, they are passed through the coating reservoir.
1. An aqueous solution of adipic acid in water is atomized to generate solution droplets. The aerosol flow is then heated (∼60 • C) and passed through three diffusion driers filled with silica gel.
2. Adipic acid particles are generated via homogeneous nucleation of adipic acid. Adipic acid is heated in a round bottom flask to approximately 150 • C. The airflow through the nucleation region is 2 L/min. The particles nucleate as the flow is passed through a cooled region. This method provides pure dry (solid) adipic acid particles.
3. An aqueous solution of adipic acid in water is atomized to generate solution droplets. The aerosol flow is not dried and the DMA sheath flow is humidified.
4. Adipic acid is dry-vapor deposited onto small dried ammonium sulfate particles. The ammonium sulfate core particles are generated by atomization of an aqueous solution. The particles are subsequently dried by passing them through a diffusion drier filled with anhydrous calcium sulfate (Drierite). The particles are then sizeselected by DMA I and passed through a region containing a heated adipic acid reservoir. In this region, the ammonium sulfate particles are coated by adipic acid via vapor deposition.
On entering the CCNC column, the highly water-soluble ammonium sulfate core absorbs enough water to completely dissolve the adipic acid, forming a concentrated adipic acidammonium sulfate aqueous solution. We postulate that water reaches the ammonium sulfate core either via diffusion through the adipic acid coating or by passage through imperfections in the coating. Experiments as well as calculations (See Sect. 2.4) show that if the mass fraction of the ammonium sulfate core is small (<15%), this method provides an aerosol particle that, from the perspective of CCN activation, can be considered to be a single-component "wet" adipic acid particle.
5. For these experiments, adipic acid is coated onto ammonium sulfate cores as described above in Part (4).
6. item Soot particles are generated by combustion of ethylene and oxygen in a commercial McKenna burner , and passed through a diffusion drier filled with activated carbon to remove flamegenerated organics. The particles are then size-selected and coated by vapor deposition of adipic acid.
For convenience, the 6 types of particles studied are presented in Table 1 along with the particle diameters studied for each particle type.
Measurement of Particle CCN Activity
After particle generation and size-selection, the aerosol flow is split with 2.0 L/min directed into the DMA II and 0.08 L/min into the ToF-AMS. Before and after each CCN experiment (i.e., every time a new particle size is selected), the second DMA and the CPC are used as a scanning mobility particle sizer (SMPS) to measure the size distribution of the particles. During a CCN experiment, the particles are size-selected a second time with DMA II in accord with the mode diameter determined during the SMPS scan. When the particles are pure adipic acid, the mode diameter is the same diameter as is selected with DMA I. However, when the particles are coated, the DMA II selects the coated mode diameter of the particles. The resulting monodisperse aerosol flow exiting DMA II is split between the CCNC (1.0 L/min) and the CPC (1.0 L/min) instruments. The supersaturation in the CCNC is varied between 0.07% and 3.7% by setting the CCNC instrument dT between 1.5 and 27 K. During all experiments, the CCNC was operated at a total flow rate of 1 L/min. The fraction of CCN activated aerosol is the ratio of the number concentration of CCN measured by the CCNC (N CCN , i.e., number of particles that grow larger than 1 µm as detected by the OPC) to the total number concentration of particles measured by the CPC (N CPC ). The critical supersaturation at a particular aerosol size is defined as the supersaturation at which 50% of the particles grow into droplets (i.e., when = N CCN N CPC =0.5). The method of determining the critical supersaturation (S c ) is illustrated in Fig. 6 that shows examples of activation curves measured for ammonium sulfate particles of two diameters; 45 nm and 31 nm. Such curves are generated by measuring the fraction of activated aerosol and plotting this number as a function of the temperature difference dT in the CCNC column. The plot is fitted with a sigmoid function to find the critical temperature difference (dT c ) where the activated fraction is 0.5. The critical supersaturation is then calculated from the calibration curve described in the Appendix. The width of the sigmoidal curve is due to the spread in the aerosol size distribution determined by the DMA transmission function.
Results and discussion
Overview
The results of the CCN activation measurements are discussed in this section in the order presented in Sect. 3.3. The experimental results are discussed in the framework of the modeling calculations described in Sect. 2. The experimental studies described here fall into two categories: Single component adipic acid studies (corresponding to particle types (1), (2), (3) and (4) described in Sect. 3.3) and adipic acid coating studies (corresponding to particle types (5) and (6) in Sect. 3.3). Critical supersaturation (S c ) values as a function of particle diameter were measured for each particle type (1-6).
4.2 Single-component adipic acid 4.2.1 Dry adipic acid particles generated by atomization In this set of experiments, we conducted CCN activation studies with adipic acid particles generated by atomization of adipic acid solutions over a range of particle diameters (d m ) from 50 nm to 250 nm (described as particles type (1) and (3) in Sect. 3.3). About 15 such independent experimental CCN activation experiments were conducted. We were not able to obtain consistently reproducible data sets with adipic acid aerosols produced by atomization, nor were we able to ascertain the cause of this irreproducibility. Most likely the scatter in the data is due to trace impurities in the solution which we were not able to completely eliminate in spite of our best efforts.
Homogenously nucleated dry adipic acid particles
The results of CCN activation experiments with dry adipic acid particles generated by homogeneous nucleation of adipic acid vapor are shown in Fig. 7 as blue points, and correspond to particle type (2) described in Sect. 3.3. Here, the measured critical supersaturation (S c ) is shown as a function of dry particle diameter (d d ). Each critical supersaturation value in the figure is the average of at least three measurements for every dry particle diameter (the standard deviation is indicated by the error bars). Measurements were conducted over a period of several days to ensure reproducibility. The broken line provides visual continuity for the measured points. The standard deviation of the measurements is in all cases except one less than 4% of the measured S c values. As is evident, the homogenous nucleation method of generating adipic acid particles produces consistent results with little scatter.
The solid lines are the same calculated Köhler lines shown in Figs. 1 and 3 . The shaded area models the deliquescence of the particles according to the Kelvin equation (Eq. 4) as discussed in Sect. 2.5. The surface tension of saturated aqueous adipic acid droplets larger than 40 nm is calculated to have values between 0.060 and 0.072 J/m 2 (See Eq. 3). A water activity over a saturated adipic acid solution of γ w =0.99 was chosen to provide a best fit to the experimental data. The borders of the shaded region are obtained with the two limiting values of calculated surface tension (0.060 and 0.072 J/m 2 ).
As is evident, the CCN activities of particles smaller than 150 nm in diameter are not governed by standard Köhler theory. The activation of the smaller particles more closely follows the predictions of the deliquescence calculations, although the fit is not exact. Still, the general trend in the (2003) and Kreidenweis et al. (2006) that deliquescence-controlled activation may govern droplet formation for small, slightly soluble organic particles. The smallest particle (d m =88 nm) in this set of measurements behaves as a particle composed of an insoluble wettable material. We could not obtain data for particles smaller than d m ∼ 88 nm because to produce such small particles with our homogenous nucleation apparatus, we had to reduce the adipic acid vapor pressure to a point where the number of particles produced was too small to perform CCN experiments. The activation of particles larger than ∼150 nm follows standard Köhler theory. As described in Sect. 2.6, the dynamic shape factor χ of the particles can be estimated from DMA/AMS size measurements via Eq. (5). The mobility diameter (d m ) is measured by the DMA apparatus and the vacuum aerodynamic diameter (d va ) is measured by the AMS. Using the adipic acid bulk density of 1.36 g/cm 3 , we estimate the dynamic shape factors to be as shown in Table 2 . The use of bulk density in Eq. (5) assumes that the particle does not contain internal voids. This seems to be a reasonable assumption for particles that are formed by vapor condensation. The uncertainties in χ are primarily due to the uncertainty in the measured vacuum aerodynamic diameter (d va ), which is approximately ±15%. Within these error limits, the particles do not appear to deviate significantly from a spherical shape (χ=1.0).
Comparison with previous studies
In Fig. 8 , we once again show the previously published CCN activation data for dry adipic acid aerosol. We also include our nucleation-generated dry adipic acid aerosol data in the figure.
As is evident, some of the published S c measurements are above and some are below our values. The wide scatter in the measured CCN activity obtained in the previous studies suggests that some significant parameter or parameters vary from experiment to experiment. Our experiments do not provide an explanation for these discrepancies, however we can suggest some possible factors that may affect the results. Because all previously published experiments were performed with aerosol generated by atomization, we suggest that solution impurities are one possible cause of the scatter in the data. We note that all the previously obtained S c results fall above the Köhler curve. That is, they are all in the region where deliquescence governs the onset of activation. Therefore, if impurities are the cause of the scatter, they must be such that some promote and others hinder particle deliquescence.
Another possible reason for the scatter in the published measurements of S c may be related to the shape of the particles produced by the atomization and drying process. The volume-equivalent diameter (d ve ) of a non-spherical particle is smaller than its electrical mobility diameter (d m ) . In all the published measurements, the reported diameter is the mobility diameter as measured by a DMA instrument. If the atomization-generated particles are nonspherical, their effective diameter is smaller than their measured d m . Were this the case, the data points would be shifted to the left (i. e., to a smaller effective diameter) placing the published data closer to the results obtained in our studies. A possible confirmation of this hypothesis is provided by the data of Rissman et al. (2007) . They show data for both heated and unheated adipic acid particles. The heated adipic acid particle data fall to the left of the unheated adipic acid data (i.e., the heated adipic acid particles have a smaller effective diameter than the unheated particles). This might be due to a reorganization of the adipic acid during heating, resulting in more spherical adipic acid particles.
As is shown in the Appendix, the calibration of the CCNC instrument is a critical part of these experiments. Slight miscalibrations of the CCNC instrument prevent accurate Fig. 8 . S c plotted as a function of particle diameter for dry adipic acid particles from previously published studies (as in Fig. 1) shown together with our measurements. measurements of S c values. Variations in the calibration of the CCN instrument from one experimental group to another cannot be ruled out as one of the causes for the scatter in the data.
Wet adipic acid
As is shown in Fig. 1 , there is only one previously published CCN activation study for wet adipic acid aerosol particles. The results of the published study are in agreement with standard Köhler theory. As we stated earlier, we were not able to obtain consistent measurements with either wet or dry adipic acid aerosol produced by atomization. Most of our wet adipic acid measurements (from 5 independent runs) fell below the critical supersaturation predicted by the Köhler theory. We attribute the scatter in these data to residual impurities, most likely ammonia, which can play a role in experiments with wet adipic acid produced by atomization. The CCN activity of initially dry adipic acid, however, is reported to be unaffected by ammonia (Dinar et al., 2007) .
To eliminate possible impurities in the adipic acid particles (such as, for example, contamination by ammonia resulting from the atomization process), we generated effectively wet adipic acid aerosol by coating small ammonium sulfate cores with adipic acid by vapor deposition (described as particle type (4) in Sect. 3.3). Experiments were conducted with three ammonium sulfate core sizes (d core =34 nm, 53 nm, 73 nm) coated with adipic acid. In this subset of experiments, the adipic acid mass fraction was in all cases greater than 0.85. Under these conditions, the calculated S c of the dualcomponent aerosol particle is the same to within 10% as the S c of a single-component adipic acid particle of equivalent diameter (see Sect. 2.4). A plot of S c as a function of wet adipic acid particle diameter is shown in Fig. 9 . Data from In the coating studies, three ammonium sulfate particles of diameters d core =34, 53 and 73 nm were coated with adipic acid (coating thickness ∼5-34 nm, described as particle type (5) in Sect. 3.3). The CCN activity of the coated particles was measured as a function of the total particle size (ammonium sulfate core + adipic acid coating). The results are shown in Fig. 10 as plots of S c as a function of total particle diameter. The solid orange and red lines in the figure are the Köhler curves for pure adipic acid and pure ammonium sulfate, respectively. The dotted lines are results of calculations using modified Köhler theory, taking into account the combined activity of the solution.
In each case, the uncoated ammonium sulfate particle activates on the ammonium sulfate Köhler theory line, even though the particle is initially a dry solid. This is a case where the calculated S c is greater than the water vapor pressure at which particle deliquescence occurs (see Sect. 2.5). Ammonium sulfate particles deliquesce readily and the water vapor pressure in the CCNC instrument is always above the deliquescence vapor pressure for ammonium sulfate. As expected, with increasing adipic acid coating thickness, the measured S c values rise above the ammonium sulfate Köhler line and approach the adipic acid Köhler theory line. The endpoints in the adipic acid coating studies presented here are the S c data in Fig. 9 .
We note that the vapor deposited adipic acid coating is initially a dry solid. The results obtained here indicate that the addition of a hydrophilic soluble compound to dry adipic acid eliminates the effect of the deliquescence barrier to CCN activation that was observed for pure single-component dry adipic acid.
Soot coated with adipic acid
In this set of coating experiments, four soot particles of sizes d core =88 nm, 102 nm, 136 nm and 181 nm were coated with adipic acid (described as particle type (6) in Sect. 3.3). The uncoated soot particles generated by our hydrocarbon combustion source are CCN inactive in the supersaturation range of 0.07-3.7%. The CCN activity of the soot coated with adipic acid was measured as a function of the adipic acid coating thickness (<3-75 nm). These experiments were per- Fig. 11 . S c plotted as a function of the total particle diameter (soot core + adipic acid coating) for adipic acid coated soot particles of sizes d core =88 nm (diamonds), 102 nm (squares), 136 nm (triangles), and 181 nm (circles). Also included are the results for dry adipic acid obtained in this study (blue). formed to measure the change in CCN activity when an insoluble hydrophobic core is coated with adipic acid. Figure 11 shows the measured critical supersaturations as a function of the total particle diameter (soot core + adipic acid coating). Our CCN activation measurements for dry adipic acid particles are included for comparison.
The points at the tops of the activation lines are soot particles coated with very thin layers (<3 nm) of adipic acid. These data points indicate that a very small layer of adipic acid on a CCN-inactive particle triggers CCN activation near (or above) the calculated critical supersaturations of a wettable solid core (the black line in Fig. 11 ).
As shown in the figure, the measured critical supersaturations for adipic acid coatings on smaller soot core sizes (d core =88 nm and 102 nm) approach the critical supersaturations measured for dry adipic acid. The particles activate at the deliquescence relative humidity DRH, or S del of adipic acid. See Sect. 2.5. This suggests that the soot core acts as a scaffold for the adipic acid coating and deliquescence is determined by the total particle diameter. The soot-adipic acid particle acts as a pure adipic acid particle during CCN activation because the adipic acid completely coats the soot core. Here, the total size of the particle (and not the composition) governs CCN activation.
The S c measurements for the larger soot core sizes (d core =136 and 181 nm) are displaced to the right of the dry adipic acid line. This indicates that the larger soot core sizes coated with adipic acid do not activate according to either the deliquescence or the standard Köhler theory for adipic acid. This observation seems to suggest that for these types of particles, the soot core does not simply act as a scaffold for the adipic acid coating. It appears that from the perspective of CCN activation, the effective diameter of the larger soot particles coated with adipic acid is less than the measured particle diameter. At this time we do not have a verifiable explanation for this observation. We suggest a possible reason for this difference between the CCN behavior of the larger and smaller coated soot particles as follows.
Since the soot itself is hydrophobic, water interacts only with the adipic acid coated onto the soot. Therefore, only the diameter of the adipic acid coating influences the CCN activity of the coated particle (producing an effective diameter). It is possible that the smaller soot cores are coated more thoroughly than the larger cores. A full coating yields an effective diameter equal to the total particle diameter. On the other hand, a partial coating may produce adipic acid "islands" with an effective diameter that is smaller than the total particle diameter. Other mechanisms related to shape and fractality factors could be suggested to explain the difference between small and large soot core sizes coated with adipic acid and thus, the S c measurements for the larger soot particles remain unexplained.
Summary
The CCN activity of both dry and "wet" (deliquesced solution droplets) adipic acid particles and the effect of adipic acid coatings on the CCN activity of soluble and insoluble particles were determined. The results of the experiments lead to the following conclusions:
1. In accord with earlier suggestions (Hori et al., 2003, and Kreidenweis et al., 2006) , the CCN activation of small (d m <150 nm), dry slightly soluble organic particles is governed by the deliquescence of the particles (where S del > calculated S c ), and CCN activation follows the deliquescence curve for the particles. For larger dry particles, where S del < calculated S c , CCN activation follows the Köhler curve. As expected, "wet" adipic acid particles activate at the supersaturations predicted by Köhler theory for all sizes measured in this study (70-200 nm) .
2. A solvent-independent method for generating pure organic particles (via homogeneous nucleation) was used for this study and found to provide results that were more reproducible than those obtained in our experiments as well as previously published experiments with particles produced by atomizing solutions. The homogeneously nucleated particles were measured to be nearly spherical (χ ≤ 1.2). These results suggest that the observed scatter in the published literature for the CCN activity of adipic acid particles may be related to either the impurities in the solvents used or the inadvertent formation of non-spherical particles.
3. The experiments with adipic acid-coated ammonium sulfate aerosol particles indicate that the addition of a small mass fraction of a hydrophilic soluble compound (e.g. ammonium sulfate) to dry adipic acid particles eliminates the effect of particle phase on CCN activation, in agreement with Bilde and Svenningsson (2004) .
4. An adipic acid coating on hydrophobic CCN inactive soot particle yields a CCN active particle at atmospherically relevant supersaturations. For relatively small soot cores (d core =88 nm and 102 nm), the CCN activity of the coated particles approaches the deliquescence line of adipic acid. This suggests that for coated soot particles in this range of diameters, the total size of the particle determines CCN activation and the soot core acts as a scaffold for the deposition of adipic acid vapor. It appears that the CCN activation of larger coated soot cores occurs at higher supersaturations than is predicted by the deliquescence curve. It is hypothesized that larger soot particles are only partially coated with adipic acid, causing the mixed particles to be chemical composition dependent, and not total particle size dependent as observed for small soot core sizes.
Appendix A CCN instrument calibration
To perform reliable CCN activation measurements requires an accurate knowledge of the relationship between the temperature difference dT along the CCNC column and the supersaturation S. This relationship is determined by calibration, using a well-characterized highly soluble inorganic salt, such as (NH 4 ) 2 SO 4 or NaCl. Previous studies have reported a linear relationship between instrument dT and S at a flow rate of 0.5 L/min for dT >3 K. For smaller dT the relationship becomes nonlinear (Rose et al., 2007; Droplet Measurement Technologies, 2004) . In order to obtain a larger range of supersaturations, we calibrate and operate the instrument at flow rates between 0.5 L/min and 1 L/min. All of the measurements done in this study were obtained with CCNC flow rates near 1 L/min. The calibration arrangement is similar to that shown in Fig. 5 . Calibration was done with ammonium sulfate aerosol particles generated by atomization of an aqueous solution of (NH 4 ) 2 SO 4 . The particles were dried to a relative humidity (RH)<10% by passing the aerosol flow through diffusion driers. A narrow monodisperse size distribution (d m ± 10%) was obtained by passing the particles through two Differential Mobility Analyzers (DMA I and DMA II). The aerosol flow was divided between the CCNC instrument and the condensation particle counter (CPC). Note that the CCNC counts the number of activated particles, while the CPC counts the total number of particles in the flow.
The following method was used to calibrate the CCNC instrument. Ammonium sulfate particles of a specific size (d m ) flowed into the CCNC and CPC instruments. At a set value of dT, both the CCNC and the CPC particle counts were recorded. The value of dT was systematically varied. Equilibration time between dT settings was about 1 min. The value of the critical dT (dT c ) was recorded. (dT c is the temperature difference at which 50% of the particles are activated.) Alternately, dT was be kept constant while the particle diameter was systematically varied. Again, the dT c and the corresponding particle size were recorded. The two methods yielded similar results. The critical supersaturation (S c ) was calculated for each particle size using standard Köhler theory (Eqs. 1 and 2). In this way, S c vs dT c calibration plots for the CCNC instrument were obtained.
The calibration curves for flow rates of 0.93 L/min and 1 L/min are shown in Figs. A1 and A2, respectively. These were the two flow rates used in our experiments. The nonlinear part of the curve was fitted to a power function:
Here, S c,0 , A and x are parameters determined by the fit. As is evident, for dT<5 K, the calibration curves are nonlinear at both flow rates. As was stated, some earlier measurements found the onset of the nonlinear part of the calibration curve to be dT<3 K, implying that the calibration is instrument specific. While the transition to the nonlinear portion of the calibration curve appears to be insensitive to small changes in the flow rate, the slopes of the linear part of the curve are a sensitive function of the flow rate as is evident in the figures. For a flow rate of 0.93 L/min the slope is 0.106 %/K; for a flow rate of 1 L/min it is 0.149 %/K. This implies a 30-40% change in slope for a ∼7% change in flow rate. Thus, accurate measure and control of the flow rates used is very important. In the time period of the CCN experiments (∼8 months) the calibration was periodically repeated and was found to remain constant for a given flow rate. 
